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Abstract

summarized and reviewed in this context.

] Diabetes Sci Technol 2009;3(6):1352-1364

Significant fluctuations in serum glucose levels accompany the stress response of surgery or acute injury
and may be associated with vascular or neurologic morbidity. Maintenance of euglycemia with intensive insulin
therapy (IIT) continues to be investigated as a therapeutic intervention to decrease morbidity associated
with derangements in glucose metabolism. Hypoglycemia is a common side effect of IIT with potential for
significant morbidity, especially in the neurologically injured patient. Differences in cerebral versus systemic
glucose metabolism, the time course of cerebral response to injury, and heterogeneity of pathophysiology
in neurosurgical patient populations are important to consider in evaluating the risks and benefits of IIT.
While extremes of glucose levels are to be avoided, there are little data to support specific use of IIT
for maintenance of euglycemia in the perioperative management of neurosurgical patients. Existing data are

Introduction

Hyperglycemia contemporaneous with  cerebral
ischemia is associated with deleterious clinical sequelae
in some neurosurgical patient populations.® These include
a longer intensive care unit (ICU) stay, poorer recovery of
neurologic function, symptomatic cerebral vasospasm, and
increased infarct size® Still debated is whether plasma
glucose level is primarily a surrogate marker of disease
severity and its associated metabolic derangements,
the response to stress, or a causative agent of damage
exacerbation.

Therapeutic interventions to lower glucose levels to
a tight range (80-120 mg/dl) with intensive insulin
therapy (IIT) have been studied in a variety of critical
care settings with mixed results. Clinical data regarding
glucose control in the general surgical population and
during neurocritical care have been reviewed.!'1?
Clear benefit has only been demonstrated in cardiac
and vascular surgery populations.’>* However, a near
universal finding in these studies is an increased
incidence of iatrogenic hypoglycemia in patients receiving
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IIT. The clinical consequences of iatrogenic hypoglycemia
are just beginning to be investigated. For example, the
Normoglycemia in Intensive Care Evaluation and Survival
Using Glucose Algorithm Regulation (NICE-SUGAR)
trial reported both increased hypoglycemia and increased
risk of death in a tight control group of ICU patients
on IIT?

Generalization of clinical studies of IIT to neurosurgical
patients must be done with caution and in the context
of an wunderstanding of brain glucose metabolism.
Brain glucose metabolism is altered by neurologic disease.
The mixed data on tight glucose control presents
neurointensivists and anesthesiologists with the clinical
conundrum that persistent hyperglycemia creates numerous
untoward consequences while iatrogenic hypoglycemia
may initiate brain metabolic crises that are even worse.
Moreover, the upper and lower thresholds of plasma
glucose for these adverse effects are not clearly defined,
and peripheral glucose measurements do not consistently
correlate with brain glucose levels.

Hypoglycemia in the neurosurgical patient, both peripheral
and cerebral, is of particular concern. The negative
physiologic effects of hypoglycemia in the setting of neuro-
pathology may be exaggerated when compared to healthy
patients; and clinical signs are frequently masked by the
underlying condition. Several new studies investigating
cerebral glucose metabolism in the critical care setting
have advanced our understanding and reinforced these
concerns regarding tight glucose control.

This review focuses on the physiology of brain glucose
metabolism and available clinical data on glucose control
and IIT in neurosurgical patients that inform the
highlighted controversies.

Brain Glucose Metabolism

The brain is critically dependent on a continuous supply
of both oxygen and glucose for normal metabolic function.
This includes synaptic transmission, maintenance of
transmembrane ionic gradients and cellular integrity,
and biochemical synthesis. The brain contains multiple
cell types (e.g, neurons, glial cells such as astrocytes,
oligodendrocytes, microglia, and, finally, the cells that
constitute the brain’s vascular system). Each of these
cell types appears to have different metabolic profiles
and, presumably, vulnerabilities. The neurologic
effects of transient or sustained alterations in both
blood and brain glucose must be interpreted in this
context. Here we highlight several critical aspects of

brain glucose metabolism. Readers are referred to a
comprehensive review of brain metabolism by Fitch'®
and a recent in-depth discussion of brain biochemistry in
Gibson and Dienel.”

Glucose delivered to the brain is taken up into cells
(10% of delivered; 25% of total body glucose utilization)
and undergoes glycolytic breakdown to adenosine tri-
phosphate (ATP) and pyruvate under aerobic conditions
(i.e, oxygen available and normal mitochondrial function).
Pyruvate is converted to acetyl-CoA via the tricarboxylic
acid (TCA) cycle to generate ATP and reducing equivalents.
When oxidative phosphorylation is impaired (lack of oxygen,
mitochondrial dysfunction, brain injury), pyruvate is
instead converted to lactate. Most of these biosynthetic
reactions are under tight feedback control. Delicate
equilibriums are modulated by many factors including
substrate availability/concentration, acid-base status,
and redox status.

Normal brain glucose metabolism is altered under
conditions of hyperglycemia, hypoglycemia, and pharma-
cologic therapy. Animal and human studies indicate a
significantly altered normal glucose metabolism in the
setting of traumatic brain injury (TBI), subarachnoid
hemorrhage (SAH), and cerebral ischemia.!® The metabolic
derangements associated with neuro-pathology are
heterogeneous and continue to change with the evolution
of the underlying pathologic process.

Anesthetic drugs such as propofol or barbiturates used
during surgery or ICU sedation decrease the cerebral
metabolic rate of oxygen (CMRO,) and, to some extent,
cerebral glucose metabolism. Dexamethasone, commonly
used in the neurosurgical population, decreases cerebral
glucose consumption in patients with intracerebral
tumors; and patients with Cushing’s disease may have
decreased brain glucose utilization.” Traumatic brain
injury and SAH are associated, at least in early phases,
with acute hyperglycolysis (increased anaerobic glycolysis
despite  dysfunctional mitochondrial oxidation).20-22
The pyruvate generated, in the absence of functioning
mitochondria, is predominantly converted to lactate. It is
not clear if the increased glycolysis reflects a temporary
equilibrium shift to lactate as a major energy source,
simple dysregulation of glycolytic feedback, or a local
metabolic crisis in the injured tissue. Episodes of cerebral
hyperglycolysis may be linked to low extracellular brain
glucose despite peripheral blood hyperglycemia. In this
clinical situation, further lowering of blood glucose
values could theoretically decrease brain glucose levels
below critical values.
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Lactate is worth special mention. It is produced in the
brain by astrocytes during synaptic activation even under
normal conditions. Lactate dehydrogenase interconverts
lactate and pyruvate. The anaerobic conversion of pyruvate
to lactate produces less ATP per glucose molecule than
occurs in the TCA cycle. In addition, the conversion
of pyruvate to lactate causes an intracellular lactic
acidosis. A reversal of the normal equilibrium direction
(pyruvate — lactate) allows lactate to be used as an
energy source. Glenn and colleagues studied 49 patients
with severe TBI and 31 healthy volunteers.”? They compared
cerebral metabolic rates for glucose, oxygen, and lactate
using cerebral blood flow (CBF) and arterial and jugular
venous bulb measurement. A large percentage of TBI
patients demonstrated brain lactate uptake that was
suggestive of a metabolic role?*?> Others have found that
post-injury lactate infusion improves cognitive outcome
in an animal model of TBL?® The astrocyte-neuron lactate
shuttle hypothesis is a controversial theory that holds that,
under conditions of high-energy demand (ie, neuronal
activation) or impaired oxygen/glucose supply (ischemia),
neurons use available lactate as a principal energy source.
If this theory proves correct, then temporarily increased
cerebral lactate in the setting of SAH, TBIL or ischemia
may not be deleterious,”* and decreasing the blood
glucose in attempt to avoid excess lactate production
could potentiate injury. In addition, the excitatory
neurotransmitter glutamate, typically released in excess
as a consequence of brain injury, may also play a role
in modulating glycolytic function.*® The biochemistry
involved in these processes and applicability to the
in vivo situation remains under active investigation.

Astrocytes and neurons may metabolize lactate to
pyruvate within the mitochondria. Moreover, in the
presence of hyperglycemia, astrocytes, but not neurons,
show increased rates of glycolysis. It remains to be seen if
these metabolic effects are generalizable across patients
with SAH, ischemic stroke, or tumor pathology. The effects
of glucose levels on injury patterns after ischemia, SAH,
or TBI are likely to vary based on the mechanism of
neurologic injury at the cellular level and the time course of
associated cellular dysfunction in various cell subtypes.*!

Studies of glucose in neurosurgical patients increasingly
report the changes in microdialysis measurements of
intracerebral metabolites such as lactate, glutamate, and
glucose in a small region of the brain.** Using such data,
Payne and associates discuss the “glucose paradox of
cerebral ischemia.”?® The paradox is an apparent need
for increased glucose levels to support cellular function
during ischemia but that glucose is also associated with

deleterious effects by its role in promoting anaerobic
glycolysis to generate lactate and acidosis. This associated
cellular acidosis may damage neurons or inhibit critical
homeostatic processes.

Glucose is not only metabolized through glycolysis and
the TCA cycle [via pyruvate dehydrogenase (PDH)]
for energy, but it is also metabolized [via pyruvate
carboxylase, (PC)] toward the synthesis of key TCA
intermediates. Bartnick and coworkers used carbon-13
labeling of pyruvate in animal models to show that
TBI influences these relative pathways, producing a
significant increase in the PDH/PC ratio in injured
animals in the presence of adequate glucose substrate.3*
This is consistent with a shift away from substrate
maintenance and toward critical energy production
during metabolic stress. Auer and colleagues studied
substrate flux in a rat model of hypoglycemia-induced
metabolic coma.®*® As glucose levels decline, flux through
the TCA cycle declines and chemical intermediates such
as oxaloacetate accumulate. Oxaloacetate is then available,
in higher concentrations, to participate in side reactions
or shunt pathways, such as aspartate synthesis. Elevated
concentrations of excitatory amino acids in the setting
of ischemia may promote brain injury via calcium entry,
substrate depletion, and cell death.®

Hyperglycemia and Brain Function

Neurological insults of all varieties stimulate a
sympathetically mediated stress response that results in
increased metabolic rate, activation of the hypothalamic-
pituitary-adrenal axis, release of inflammatory mediators,
and, ultimately, consumption of glucose reserves to
generate ATP via enhanced glycolysis and glycogenolysis.?”
In view of the absolute dependence of neurons on blood
glucose delivery, plasma hyperglycemia in TBI and
SAH patients was once thought to be physiologically
necessary for metabolic support of injured tissue;
however, hyperglycemia has increasingly been associated
with worsened outcome.®

The physiologic effects of hyperglycemia are multifold.
When significantly elevated, glucose, a functional osmole,
stimulates diuresis. Diuresis sufficient to produce
hypovolemia can produce hypotension and decreased
cerebral perfusion [especially in the presence of elevated
intracranial pressure (ICP)]. Associated hyperosmolarity,
or electrolyte imbalances, can alter mental status or
produce seizures. Similarly, hyperglycemia may result
in an autoregulatory decrease in CBF that could worsen
brain ischemia.®
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Chronic hyperglycemia, as occurs in diabetes mellitus,
is the stimulus for a cascade of biological events with
profound consequences for the cardiovascular and
neurologic systems in particular. The deleterious impact on
neurologic function of chronic hyperglycemia in diabetes
patients is well established.*® The effects of chronic
hyperglycemia on neurologic function, including cognitive
dysfunction, were reviewed.*!

Hyperglycemia is associated with disruption of the blood
brain barrier (BBB) in rodents. Evidence suggests that
the disruption, and associated cerebral edema, may be
mediated by activation of enzymatic pathways involved
in the generation of reactive oxygen species.*> Blood brain
barrier disruption may promote cerebral edema and
diffusion of excess calcium, lactate, and glutamate.
Alternatively, it may promote diffusion of substrates,
such as TCA cycle intermediates, that might serve as a
critical energy source. In nonpathologic states, insulin
crosses the BBB by active transport to enter the brain,
where it acts mainly as a counter-regulatory hormone.*
The disruption of the BBB in neurologic injury may alter
this process as may the use of corticosteroids.

Some of the pro-inflammatory effects of hyperglycemia
are likely mediated by advanced glycation end products.
These are glycosylated proteins that bind to naturally
occurring receptors for advanced glycation end products
(RAGESs). Receptor activation initiates cellular signaling
cascades with pro-inflammatory sequelae such as
secretion of tumor necrosis factor-o and interleukins.*
Receptors for advanced glycation end products are
found in the central and peripheral nervous system,
and activation is likely involved in the development of
peripheral neuropathy and microvascular pathology.
Receptors for advanced glycation end products are
upregulated in the brain tissue of diabetes patients and
may be associated with cognitive impairment and stroke
risk.#4¢ The time course of RAGE formation involves
a period of days to weeks such that chronic glucose
control in an extended ICU setting may be relevant to
this mechanism of injury in the neurosurgical patient
at risk; but acute, perioperative management of blood
glucose levels should not be a factor.

Current insight suggests that peripheral blood hyper-
glycemia is both a marker of injury severity and the
potential for poor outcome. Studies supporting the
association of hyperglycemia with poor outcome during
ischemic stroke and SAH/intracranial hemorrhage (ICH)
are numerous and summarized in Table 1. While early
studies looked solely at peripheral glucose values, and

often only at admission values, later investigations
utilize multimodal neuromonitoring with intracerebral
microdialysis catheters, brain oxygen monitors, and
frequent measurement of peripheral and cerebral blood
glucose.

Measures of brain glucose utilization [e.g, arteriovenous
glucose difference (AVDGIc); and related values
(cerebral glucose lactate/pyruvate ratio, PC/PDH flux)
in the penumbra of pathologic or ischemic tissue may
be relevant markers of metabolic flux. Many of the
studies in Table 1 have focused on TBI, SAH/ICH, and
ischemic stroke patients outside of the acute operating
room setting. Many of these studies use limited glucose
data points such as admission blood glucose while some
are retrospective or small-scale, but there is a relatively
consistent pattern between higher glucose levels and
greater brain damage. Several editorials have discussed
these data and their implications.>>%

In an elegant study, Parsons and associates studied 63
acute stroke patients with magnetic resonance imaging (MR,
perfusion/diffusion weighted mismatch) and magnetic
resonance spectroscopy (MRS, lactate). They found that
hyperglycemia (>144 mg/dl) within an hour of the MRI
was predictive of both decreased penumbral salvage and
increased brain lactate levels in the ischemic region.>
In a dramatic set of images (Figure 1), Parsons and
associates showed a patient with normal blood glucose
and a patient with high blood glucose at the time of initial
imaging. Three days later, the patient with the higher
blood glucose had a large increase in brain lactate as
detected by MRS, and much of the at-risk tissue had
progressed to infarction. In contrast, the patient with
normal blood glucose had no increase in brain lactate
and major salvage of the area around the stroke core
(penumbra).

In a prospective, cerebral microdialysis study of 170
post-clipping, aneurysmal/SAH patients with no specific
glucose control protocol, Sakowitz and coworkers found
admission and postoperative ICU plasma hyperglycemia
(>120 mg/dl) both to be associated with poor outcome.
The peripheral hyperglycemia, however, did not correlate
with increased extracellular brain glucose in the
dialysate.”

Schlenk and colleagues measured peripheral glucose
and cerebral metabolites via microdialysis catheters in
31 patients with SAH of varying grade and severity.*
Extracellular cerebral glucose did not consistently correlate
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Table 1.
Studies of Hyperglycemia and Outcome (Excluding Traumatic Brain Injury)”
. . Glucose
Author(s) Design Patients cutoff (mg/di) Results and comments
SAH/ICH
Kimura and colleagues® PO 100 >150 1 Risk poor outcome/death
. Measured “mean glucose burden” in ICU stay (i.e., time > 105)
4
Frontera and associates P 281 >105 Mean glucose burden correlated with 1 risk poor outcome/death
Badjatia and coworkers*’ R 352 >140 ! Risk symptomatic vasospasm (also mean blood glucose)
Kerner and colleagues*® 170 >120 ! Risk poor outcome, 1 L/P but not ! cerebral glucose
) 49 ! Risk symptomatic vasospasm and | ECGlc
Schlenk and associates P 28 >140 Blood glucose does not correlate with ECGlc
Thiele and coworkers®° R 834 >180 1 In-patient blood glucose correlates with 1 mortality, 1 vasospasm
Oertel and colleagues?®' PO 21 Cont. 1 AVDGilc , | CMRO,, 1 SAH and assoc. with poor outcome
Claassen and associates? PO 413 >180 ! Risk poor outcome/death
Godoy and coworkers®! P 295 >164 1 Risk poor outcome/death
! Risk poor outcome/death
Schlenk and colleagues*® - 187 >140 Blood Glucose >140 correlated with 1 ECGlc only at days 4-5 after
SAH
Ischemic Stroke
Pulsinelli and associatess? P 31 +120 1 Admlsston b|09d glucose associated with poor outcome in
nondiabetes subjects
Parsons and coworkers®? P 63 none ! Blood glucose associated with 1 infarct size and poor outcome
Baird and colleagues' P 20 126 1 Post-adm|ss.|on blood glycose_ assom_ate_d with 1 |nfar_ct size and
poor outcome; No correlation with admission hemoglobin Alc
Stead and associates® P 447 >130 ! Stroke severity and poor outcome only in nondiabetes subjects
Fuentes and coworkerss P 476 155 GITIAS trial, 1 blood glucose < 48 h poststroke
1 risk poor outcome
Poppe and colleagues®® P 1098 >144 1 Admission blood glucose associated with poor outcome after TPA
Mass/Other
Astrocytoma/GBM patients status post-resection
McGirt and associates® R 367 180 Persistent outpatient hyperglycemia associated with mortality risk
Most patients were receiving corticosteroids
Intramedullary spinal cord tumors status post-resection
Woodworth and coworkers®” R 78 170 Preoperative | blood glucose associated | post-op functional
status
@ p, prospective; R, retrospective; PO, prospective observational; L/P, lactate/pyruvate; ECGlc, extracellular glucose;
GBM, glioblastoma multiforma.

with peripheral blood glucose and sometimes correlated
inversely. Peripheral hyperglycemia (>140 mg/dl) was
sometimes coincident with low levels of cerebral
glucose, which occurred in patients regardless of insulin
infusion. Notably, symptomatic SAH patients (with
worse outcome) tended to have both increased episodes
of peripheral hyperglycemia and decreased cerebral
glucose. These periods of low cerebral glucose (averaging
8 h in duration) coincided with increases in cerebral
lactate, lactate/pyruvate ratio, glutamate, and glycerol

(@ membrane breakdown product) that are consistent
with metabolic distress. Notably, some peripheral hypo-
glycemia episodes occurred spontaneously.

Prado and associates studied the effects of acute
hyperglycemia on infarct size in rats subject to global
ischemia (bilateral carotid occlusion) versus focal ischemia
[unilateral middle cerebral artery (MCA) occlusion].
Infarct size was worsened in the presence of hyper-
glycemia, but only in the focal ischemia model.®® Global
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Figure 1. Perfusion-weighted imaging, diffusion-weighted imaging,
and MRI spectra in patient A imaged at 2.5 h and 3 days and in
patient B imaged at 3 h and 3 days. Patients A and B both had large
areas of acute perfusion-weighted-imaging—diffusion-weighted-imaging
mismatch or atrisk tissue. Acute blood glucose was 59 mmol/liter for
patient A and 12.1 mmol/liter for patient B. At 3 days, patient A had
no increase in lactate level and major penumbral salvage. In contrast,
patient B had a large increase in lactate level, and much of the
at-risk tissue progressed to infarction. Copyright 1996; reprinted with
permission of John Wiley & Sons, Inc.%

ischemia (cardiac arrest, bilateral carotid occlusion)
is pathophysiologically distinct from the regional
ischemia that is common to most neurosurgical patients.
Hamilton and coworkers made similar findings in
insulin-treated rats subject to global and focal ischemia.®!
Global ischemia induces a metabolic crisis (severely
increased lactate, glycolysis, decreased phosphorylated
energy substrates, and free glucose levels) whereas the
effects of regional ischemia may be less pronounced.
Focal ischemia produces an ischemic core and a peri-
infarct penumbra that can vary in size depending
on the local physiologic milieu at the time of injury.
The metabolic profiles of the two regions, particularly with
respect to glucose metabolism, are strikingly different in
rats.®® The infarct core demonstrates a dramatic drop
in glucose metabolism, whereas the penumbra maintains
glucose consumption near control values.

In animal models, timing of the hyperglycemic episode
(early versus immediate pre-ischemia) and an associated
rise in plasma corticosterone levels were both related
to the extent of ischemia-mediated cellular damage
in the hippocampus. Relative to the hyperglycemia
episode early (120-240 min prior) but not immediate
pre-ischemic hyperglycemia was actually protective.
Similarly, administration of the steroid antagonist
metapyrone prior to the ischemic episode was protective,
even in the presence of acute hyperglycemia.®

Studies have tried to tease out the relevance of diabetes
to the role of glucose in neurologic injury. No firm
conclusions can be drawn, but some studies suggest
that nondiabetes patients are more likely to demonstrate
hyperglycemia and poor outcome.>

Hypoglycemia and Brain Function

Studies have demonstrated that, with currently available
technology, IIT to achieve tight glucose control in
critically ill patients is frequently associated with an
increased incidence of peripheral blood hypoglycemia.t
Spontaneous hypoglycemia can also occur in the critically
ill population. A newly published study investigated
morbidity associated with iatrogenic hypoglycemic episodes
in the ICU. This retrospective analysis of acute myocardial
infarction patients enrolled in a tight glucose control/IIT
study showed that episodes of hypoglycemia occurred
both iatrogenically (IIT group) and spontaneously
(control group). The researchers found spontaneous but
not iatrogenic induced hypoglycemia to be associated
with significant morbidity.®® However, patients admitted
with neurologic injury have not been specifically studied.

In the critically ill neurosurgical population, there exists
the additional concern that cerebral hypoglycemia may
occur without associated peripheral blood hypoglycemia.
Accumulated data support the hypothesis that cerebral
hypoglycemia occurs and has physiologically significant
effects. In an experimental cat model of focal ischemia,
Strong and colleagues demonstrated that, after 3 h of
MCA occlusion, brain lactate increased and brain glucose
progressively decreased. The magnitude and timing
of the decrease in brain glucose correlated with the
frequency of peri-infarct depolarizations.®* Peri-infarct
depolarizations are mechanistically associated with
infarct expansion and, probably, outcome in models of
ischemic stroke and TBIL.6>-¢

Auer and associates undertook seminal histopathologic
studies of hypoglycemia and brain damage and provided
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an excellent review on the subject.®®7° The fundamental
pathology in hypoglycemia is necrosis; this differs
from the injury that occurs in ischemic infarction.
Neuronal injury from hypoglycemia only occurs at
glucose levels that produce coma. A spectrum of changes
in the electroencephalogram (EEG) coincides with decreases
in plasma glucose levels. In humans, when starting with
the conscious state, profound hypoglycemia induces a
coma that, if maintained for >30 min, is associated with
irreversible brain damage. Cerebral energy failure occurs
at extremely low peripheral blood glucose concentrations
(<14 mM, <25 mg/dl) and is associated with an isoelectric
EEG. It is important to note that Auer and associates
studied only changes in blood glucose; they did not
measure extracellular cerebral glucose. In the clinical
setting, it seems unlikely that peripheral blood glucose
would drop and persist at the extremely low, <14 mM,
glucose concentration associated with isoelectric EEG and
neuronal cell death. Clinical studies of IIT have induced
temporary hypoglycemia in the range of 55-60 mg/dl.
Neuronal susceptibility to hypoglycemic injury is tissue
specific”! The hippocampus and cerebral cortex are highly
susceptible to hypoglycemia-mediated damage, whereas
the cerebellum, in particular, is relatively resilient. Finally,
in some contexts, a physiologic response to hypoglycemia
in the brain is increased CBF. The resultant increase
in brain volume could contribute to elevated ICP in
the setting of TBI, stroke, or other clinical situations in
which intracranial compliance is already decreased.

Tight Glucose Control in Neurosurgical
Patients

Clinical consensus regarding perioperative glucose control
in critically ill patients is lacking, especially in
the neurosurgical population. No clinical study in
neurosurgical patients has demonstrated significantly
improved outcome with IIT, and much of the data is
retrospective or small scale. Moreover, the heterogeneity
of pathology in neurologic surgery calls for caution in
the generalization of other study results, such as those
in cardiac surgical patient, to this patient population.
Furthermore, in some studies, peripheral and cerebral
glucose values do not correlate or correlate inversely.
Importantly, the “normal” level of cerebral glucose is
poorly defined, and optimal levels in the presence of
anesthesia or brain pathology are unknown. In addition,
while some studies have investigated possible clinical
differences between diabetes and nondiabetes patients
with regard to the association of hyperglycemia and
outcome, no data exists to guide any type of differential
management with IIT or fluid therapy.

The human clinical studies at the core of this debate, in
the context of the biochemical issue presented earlier,
are discussed later. The data on clinical trials of IIT in
neurosurgical patients are summarized in Table 2.

Traumatic Brain Injury

A substantial body of literature exists regarding glucose
management in the patient with TBL It is clear that TBI
represents a continuum of injury with heterogeneous
changes in regional brain function and glucose metabolism.
Under certain circumstances, cerebral hypoglycemia may
be a significant concern that complicates management.
This subset of patients is discussed in the section
discussing trauma and was recently reviewed by Gentile
and Siren.”

LeRoux and coworkers at the University of Pennsylvania
are enrolling patients in a Phase Ila randomized trial
of effects of tight glycemic control on cerebral glucose
metabolism after severe TBL Lactate/pyruvate ratio,
brain glucose, systemic glucose, short-term outcome, and
CBF (via Xenon-CT) will be measured in an attempt to
resolve the many issues discussed earlier in this review.

Ischemic Stroke and Interventional
Neuroradiology (Tissue Plasminogen
Activator and Vasospasm)

Two pilot-trials of IIT in acute stroke patients have
reported data. The Glucose Regulation in Acute Stroke
Patients (GRASP) trial was designed to detect the
incidence of hypoglycemia with outcome difference as a
secondary end point, though it had insufficient power for
the secondary end point with only 74 patients. Their data
has only been reported in abstract form. This pilot study
randomized hyperglycemic stroke patients (>109 mg/dl)
within 24 h to tight glucose control (70-109 mg/dl),
loose glucose control (70-200 mg/dl), or routine care.
Only 43.5% of the tight-control group achieved the
target glucose level and no statistical significance was
demonstrated among the groups.”

The Treatment of Hyperglycemia in Ischemic Stroke
trial randomized acute stroke patients (within 12 h) to
usual care or tight control (70-130 mg/dl), but it was
also a small trial (46 patients). A similar incidence of
hypoglycemia was noted, and no neurologic outcome
difference was measured at 3 months.”

The Glucose Insulin in Stroke Trial-United Kingdom
trial enrolled a relatively large number of patients (933)
and compared tight control (potassium glucose insulin,
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72-126 mg/dl) to routine care and found no outcome
difference at 90 days, but the trial was terminated early
due to slow enrollment.”

With increasing frequency, patients present to the
interventional radiology suite for aneurysm coiling,
injection of intra-arterial tissue plasminogen activator
(TPA) after acute stroke, and intra-arterial vasodilatory
agents to treat symptomatic vasospasm. These are
clinical circumstances in which a very acute ischemic
episode has occurred and the clinical intervention may
be accompanied by sudden reperfusion. In one study,
nondiabetes patients with acute MCA ischemia who
received intravenous TPA had larger cerebral stroke
volume and worse 28-day outcome if hyperglycemia
(>180 mg/dl) was present.”” However, glucose was
measured on admission and immediately treated with
insulin if elevated. One intriguing finding was that two
patients in the hyperglycemic group who where were
treated with insulin prior to emergency department
arrival had outcomes similar to the normoglycemia
group. In a very recent analysis of 1083 stroke patients,
Poppe and colleagues reported that admission hyper-
glycemia (>144 mg/dl) was associated with greater

risk of ICH, mortality, and poor 90-day outcome after
intravenous TPA.°® These data are retrospective and rest
on a single glucose measurement in a largely diabetic
population, so clear conclusions cannot be drawn.

However, it seems prudent to obtain peripheral blood
glucose measurements in every patient who presents for
intra-arterial thrombolysis or treatment of symptomatic
vasospasm and to treat values greater than 145 mg/dl
with insulin during the immediate periprocedure period.

Spine Surgery

There are no specific studies of perioperative glucose
management in patients undergoing spinal surgery for
tumor or correction of scoliosis. In 1989, Drummond and
Moore reported that, in rabbits, glucose administration
prior to temporary spinal cord ischemia dramatically
increased the likelihood of paraplegia.® Woodworth and
associates reported, in a retrospective study, that a
single preoperative episode of hyperglycemia in patients
undergoing intramedullary spinal tumor resection
correlated with a likelihood of poor postoperative
ambulatory function.”

Table 2.
Intensive Insulin Therapy and Outcome in Neurosurgical Patients (Excluding Traumatic Brain Injury)?
Study # Glucose -
Author(s) Type Patients | target (mg/di) Findings/comments

SAH/ICH

Ho and colleagues™ R 12 74-136 | ICP, 1 PtiO,, | L/P; small study

Schlenk and associates*® P 31 <140 | ECGlc; <= L/P

Theile and coworkers®® R 834 90-120 No A mortality with IIT, small 1 risk of death with hypoglycemia

Godoy and colleagues® P 295 60-150 | Mortality with IIT only after the first 12 h
Ischemic Stroke

. “THIS” trial, no A 3 months outcomes, No adverse effects of IIT
73 ’ )
Bruno and associates PRn 46 <130 or <200 35% IITs experienced hypoglycemia (<60 mg/di)
“GIST-UK” Trial; stopped early due to slow enrollment
Gray and coworkers™ PRn 933 72-126 Used glucose-potassium-insulin infusion
No A mortality or secondary outcomes at 90 days
70-110 or « s
Johnston and colleagues™ PRn 73 110-200 or GRA.SF.) ' Trial
70-300 No significant A outcomes between the three groups

Mixed Neurosurgical Populations

Van den Berghe PRn 63P 80-110 | ICP, | vasopressors, | seizures, 1 neuro outcome 12 months

and associates’® ’ P ’ ’

Azevedo and coworkers’’ PRn 47° 80-120 No A outcome (14 months); low power
@ p, prospective; PRn, prospective-randomized; R, retrospective; L/P, lactate/pyruvate; ECGic, extracellular glucose.
b subgroup of analysis of larger study.
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If the mechanism of anticipated spine injury is assumed
to be focal ischemia, it seems reasonable to extend the
models of acute focal ischemia to the spine and conclude
that pronounced hyperglycemia immediately prior to
hardware manipulation has the potential to worsen the
extent of injury.® Judicious use of insulin to maintain
blood glucose less than 150 mg/dl before and during
periods of potential ischemia is prudent and safe.

Neurosurgery for Tumor

There are no specific studies of perioperative management
of glucose in patients with intracranial mass. Glucose may
promote astrocytoma growth.®! Most patients presenting
for tumor resection receive perioperative corticosteroids.
This therapy is associated with increased plasma glucose
and also with decreased cerebral glucose utilization.
McGirt and coworkers retrospectively associated persistent
postoperative hyperglycemia with mortality in patients
undergoing tumor resection; but no causality can be
concluded.®

Patients undergoing resection of a pituitary mass represent
a special population. These patients frequently develop
central diabetes insipidus during the late intra-operative, or
more commonly, postoperative period. Diabetes insipidus is
associated with hypernatremia, hyperosmolality, diuresis
of dilute, high-volume urine, and a free-water deficit.
Hypovolemia and cerebral cell shrinkage with neurologic
changes will result if diabetes insipidus is not
appropriately treated. Treatment includes DDAVP and
consideration for free-water replacement, depending
on the clinical circumstances. Traditionally, free-water
replacement has been accomplished with glucose-containing
solutions.®> Sieber and Smith have published an in-
depth review of intraoperative transfusion of glucose-
containing fluids,® and intraoperative fluid management
is nicely summarized by Zornow and Scheller® In a
small study, Sieber and Smith found that infusion
of glucose-containing solutions during craniotomy
for supratentorial tumor excision did in fact elevate
blood glucose levels to those associated with injury in
ischemia models®! In view of the potential for harm
with glucose infusions, particularly if regional ischemia
occurs intraoperatively, the likelihood of elevated
glucose with ongoing corticosteroid therapy and the
safety of 0.45% saline solutions, most anesthesiologists
and neurointensivists tend to avoid glucose-containing
solutions in the perioperative period. At the Hospital
of the University of Pennsylvania, we use 0.45% saline
judiciously for free-water therapy in conjunction with

intravenous DDAVP, as clinically indicated, with careful
ongoing monitoring of serum sodium levels, plasma
osmolarity, urine output, and vascular volume status.

Neurosurgery for Aneurysm and
Hemorrhage

Hematoma evacuation and aneurysm clipping are
common reasons for presentation to the operating
room. Many patients who present for clipping have
already experienced some degree of SAH/ICH, and the
data on brain glucose metabolism, presented earlier,
include many patients with ICH/SAH. After ICH/SAH
regional abnormalities in CBF, posthemorrhage edema,
vasospasm, and increased ICP all predispose the brain
tissue to ischemia. Despite the apparent link between
hyperglycemia and symptomatic vasospasm, infarct size,
and outcome, the few studies of IIT in these populations
have failed to demonstrate a significant difference in
outcome with tight glucose control#%5172° All but one of
these studies were retrospective, and target ranges were
generally under 140 mg/dl.5" The Godoy and colleague
study did detect a potential small mortality benefit
during the first 12 h of therapy. Peripheral hypoglycemia
and decreased intracerebral glucose were detected in
some patients, albeit with unclear clinical significance.

Though no conclusive recommendations can be made, it
seems reasonable to treat peripheral glucose values greater
than 150 mg/dl with insulin. The data suggest that a
benefit from tighter glucose control during acute episodes
of ischemia (such as with temporary clip application or
aneurismal rupture) would be mechanistically plausible.
It seems appropriate to consider stricter control when
acute, focal ischemia is occurring or anticipated, but
continuation of tight control into the postoperative is
not supported by the literature.

Conclusions and Future Directions

The available clinical data when interpreted in the
context of a deeper understanding of the molecular
biochemistry of glucose in the brain after neurologic
injury do not support tight glucose control with IIT
in this critically ill subpopulation. Two meta-analyses
of all patient types treated with IIT arrived at similar
conclusions.®% Ongoing and future research promises
to clarify the presently muddled picture. Examples include
stratification of neurologic-injury-based protein biomarkers
identified in high-throughput proteomic assays®~' that
will individualize disease management.
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Further study of the multimodal effects of insulin via
modulation of signaling pathways,” including inflammation,
cell adhesion, and activity of glucose transporters
and pyruvate metabolism enzymes, will be important.
Investigation of agents other than insulin for glucose-
lowering effects may demonstrate a reduced rate of
hypoglycemia or other beneficial metabolic effects.”>-%
Elahi and associates at Johns Hopkins University are
studying the efficacy of GLP-1 (glucagon-like peptide)
for glycemic control in critically ill surgical patients

(clinicaltrials.gov).

Microdialysis studies in patients undergoing IIT therapy
continue to provide important insight into regional
alterations of glucose metabolism in injured brain tissue.
This has been referred to as multimodal neuroprotective
monitoring. Patient populations are heterogeneous, and
data interpretation is complicated. We need a better
understanding of the microdisease processes before
adoption of IIT.

Finally, work continues to determine the optimal
technology for accurate, reliable, rapid glucose
measurement and for developing closed-loop continuous
glucose control systems. New technology may facilitate
the avoidance of hypoglycemia under IIT regimen and the
development of IIT protocols that can be individualized
to the specific metabolic state of the patient under
treatment.

Here are some issues to consider:

+ Hyperglycemia (>150 mg/dl) is associated with poorer
outcome, but causality has not been definitively
demonstrated.

« Unknown clinical significance of peripheral hypo
glycemia with IIT.

e Unknown incidence and clinical
cerebral hypoglycemia with IIT.

significance of

* Inconsistent correlation between blood glucose and
cerebral extracellular glucose.

 Variation of brain glucose metabolism with the time
course of the disease process.

* Lack of large-scale, prospective trials demonstrating
benefit from IIT.

+ Nutritional protocol of subject patients (total enteral
nutrition; total parental nutrition; per os, by mouth)
is heterogeneous.

* Glucose target ranges, time, and duration of glucose
measurement and IIT protocols vary.
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